Abstract: Ti-5Al-5V-5Mo-3Cr (Ti5553) is a metastable β titanium alloy with a high potential use in the aeronautic industry due to its high strength, excellent hardenability, fracture toughness and high fatigue resistance. However, recent research shows this alloy has a limited weldability. Different welding technologies have been applied in the literature to weld this alloy, such as electron beam welding (EBW), gas tungsten arc welding (GTAW) or laser beam welding (LBW) under keyhole regime. Thus, in tensile tests, joints normally break at the weld zones, the strength of the welds being always lower than that of the base metal. In the present work, a novel approach, based on the application of LBW under conduction regime (with a High-Power Diode Laser, HPDL), has been employed for the first time to weld this alloy. Microstructure, microhardness and strength of obtained welds were analyzed and reported in this paper. LBW under conduction regime (LBW-CR) leads to welds with slightly higher values of Ultimate Tensile Strength (UTS) than those previously obtained with other joining processes, probably due to the higher hardness of the fusion zone and to lower porosity of the weld.
Introduction
Titanium and its alloys have been used commercially in various industries since the 1950s. The industries that have taken the benefit of titanium range from automotive, jewelry, sporting equipment, petrochemical, marine, aerospace and, more recently, biomedical industry. The reasons behind the successful applications of titanium alloys in many industries include their (i) relatively low density (vs. steels and superalloys), (ii) excellent corrosion resistance (vs. steels), (iii) moderate-to-high strength (vs. aluminum), (iv) ability to withstand up to 600 • C (better than aluminum), and (v) compatibility with the human body. Titanium alloys are generally divided into three main families, the so-called α, α + β and β alloys. A great advantage of β alloys is that they can be processed at lower temperatures than α + β alloys, and some heavily stabilized β alloys are even cold deformable.
Depending on their classification, weldability of titanium may range from poor to excellent. Although commercially pure titanium, α-titanium and α + β titanium generally have excellent weldability, metastable β titanium alloys may have limited weldability due to the high content of β stabilizing elements [1] . Metastable β titanium alloys have good weldability in the annealed or solution heat-treated conditions [1] . In general, in the as-welded (AW) condition, the weld fusion zone (FZ) is comprised of coarse columnar β grains from solidification while the heat-affected zone (HAZ) adjacent to the fusion lines is characterized by retained β structure. In this condition, the strength and hardness of these welds are low, but their ductility is reasonable. Becker and Baeslack [2] conducted weldability studies on three different types of metastable β titanium alloys (Ti-15V-3Cr-3Al-3Sn, Ti-8V-7Cr-3Al-4Sn-1Zr and Ti-8V-4Cr-2Mo-2Fe-3Al) and showed that the alloys are readily weldable. For all three alloys, the strengths were increased with post-weld heat treatment (PWHT) at, however, the expense of ductility. Weldability of Beta-21S sheet using laser welding technique was investigated by Liu et al. [3] . Both the FZ and HAZ were narrow with fine retained β grain structure. The FZ was "crown-shaped" (also referred in the literature as "hour glass-shaped") with wider top and bottom surfaces compared with the mid-thickness area. Epitaxial grain growth was observed to form from the HAZ into the FZ. The FZ had transitioned from a solidification mode of a cellular-type along the fusion boundary to a complete cellular-dendritic (or columnar-dendritic) solidification mode at the weld centerline [3] . Welding investigations on Beta-CTM (metastable β titanium alloy Ti-3Al-8V-6Cr-4Mo-4Zr, Ti 38-644) using Gas Tungsten Arc Welding (GTAW or TIG) showed epitaxial growth from the near-HAZ into the FZ, solidified with a cellular mode and progressively formed a complete columnar-dendritic grain structure at the weld centerline [4] .
In the early 2000s, a new metastable β titanium alloy known as Ti-5Al-5V-5Mo-3Cr, designated as Ti5553, was introduced. It is a variation of the alloy VT22, being an alternative to the Ti-10-2-3 alloy. The advantage of this alloy as compared to other β titanium alloys is the sluggish precipitation kinetics of the α phase [5, 6] . Ti5553 offers high strength, excellent hardenability, fracture toughness as well as high fatigue resistance [7] . The potential applications of this alloy are in the high-strength related areas such as landing gear and pylon/nacelle areas. Note that the landing gear beam truck of a Boeing 787 has been successfully manufactured using this alloy [8] . To find more applications in different areas, a number of factors have to be investigated, and one of them is the weldability.
The most common welding techniques to joint titanium and its alloys are Gas Metal Arc Welding (GMAW), such as Metal Inert Gas (MIG); Plasma Arc Welding (PAW); Laser Beam Welding (LBW); and Electron Beam Welding (EBW) [1, [9] [10] [11] [12] . The first three methods fall in the arc welding category with high heat input and low power density of heat source, while the last two techniques belong to the high-energy beam group.
LBW can be performed by two mechanisms: keyhole and conduction, the basic difference between two modes depending on the characteristics of the generated weld pool [13] . The key difference between these two operational regimes is the power density applied to the welding area. Conduction takes place when the energy intensity is not enough to provoke boiling, while in Keyhole, the intensity is sufficiently high to cause evaporation in the weld zone, creating a cavity (keyhole) in the melt pool [14] . A basic scheme of both operational modes is included in Figure 1 . The energy density of the laser beam is higher in keyhole welding than in conduction welding, therefore leading to narrower weld beads. LBW under Keyhole Regime (LBW-KR) generates a cavity in the weld pool as a consequence of the metal evaporation. This cavity is stabilized by the pressure of the own vapor generated [15] . The keyhole is associated with violent plasma generation, which consists of metal vapor, ionized ions and electrons. The plasma resides both outside and inside the keyhole, known as the plasma plume and keyhole plasma, respectively [16] . The stability of the keyhole depends on a balance between surface tension pressure and vapor pressure: surface tension pressure tends to close the keyhole, while vaporization tends to keep it open [17, 18] . Keyhole is reported to oscillate throughout the welding process and can lead to porosity defects in the final welds, especially in the case of partial penetration laser welding. Keyhole-induced porosity has been identified through experiments on the welding processes and is considered to be one of the major causes of porosity defects in laser welds. Large porosity defects can significantly deteriorate some of the mechanical properties of the welds, such as the tensile and fatigue strength [18] . Thus, Pang et al. [18] have developed a quantitative model able to predict the porosity defects induced by keyhole instability of titanium laser welding. developed a quantitative model able to predict the porosity defects induced by keyhole instability of titanium laser welding. LBW under Keyhole Regime (LBW-KR) is more widely employed than LBW under Conduction Regime (LBW-CR), because it produces welds with high aspect ratios and narrow heat-affected zones [19, 20] . On the other hand, LBW-CR is a more stable process, since metal vaporization occurs at a lower level than in LBW-KR [16, 17, 21] . In LBW-CR, the energy density of the laser beam locally heats the material up to a temperature above its melting point and below its boiling point [22] . Therefore, conduction welding offers an alternative joining mode for difficult-to-weld materials [13, 23] , such as the Ti5553 alloy. In fact, LBW-CR is being nowadays investigated for different purposes, such as to confirm the simulation results. Thus, simulation studies were performed to understand the weld pool flow patterns of titanium, showing that laser weld pool flow dynamics play a key role during the transition from conduction mode to keyhole [24] . A model is presented by Du et al. [25] for flow simulation of full penetration laser beam welding of titanium alloy, concluding that the molten pool becomes shorter and wider under the conduction regime, as a consequence of the Marangoni effect. More recently, a Finite Element Method (FEM) has been successfully developed to simulate the LBW-CR of Ti6Al4V alloy, employing for the first time a heat source with a double ellipsoid shape [26] . An excellent agreement between these simulations and experimental welding results was found, allowing the use of the refined FEM model to predict phase transformations, distortion and stresses of LBW of industrial titanium elements [26] . On the other hand, LBW-CR have been also employed to study the influence of some experimental variables on the welding process, as the superficial pretreatments, concluding that chemical cleaning pre-treatments led to deeper and stronger welds than those treatments based on coatings [27] . Conduction regime also offers the possibility to perform laser heat treatments at localized zones of pieces, in order to provoke improvements of some properties, such as hardness [28, 29] , corrosion resistance [28] or tribocorrosion behavior [30, 31] .
In the present work, LBW-CR (with a High-Power Diode Laser, HPDL) has been applied for the first time to weld the Ti5553 alloy. Microstructure, microhardness and strength of obtained welds have been reported. The obtained results have been compared with the microstructure and properties of Ti5553 welds obtained in the literature with other joining techniques, such as GTAW, EBW and LBW under keyhole regime.
Materials and Methods
In this investigation, a metastable β titanium alloy, Ti-5Al-5V-5Mo-3Cr (Ti5553), was used. This alloy was provided by the Boeing Aircraft Company (Chicago, IL, USA). The alloy was in the annealed condition with a typical α/β microstructure. The chemical composition of the material is shown in Table 1 . LBW under Keyhole Regime (LBW-KR) is more widely employed than LBW under Conduction Regime (LBW-CR), because it produces welds with high aspect ratios and narrow heat-affected zones [19, 20] . On the other hand, LBW-CR is a more stable process, since metal vaporization occurs at a lower level than in LBW-KR [16, 17, 21] . In LBW-CR, the energy density of the laser beam locally heats the material up to a temperature above its melting point and below its boiling point [22] . Therefore, conduction welding offers an alternative joining mode for difficult-to-weld materials [13, 23] , such as the Ti5553 alloy. In fact, LBW-CR is being nowadays investigated for different purposes, such as to confirm the simulation results. Thus, simulation studies were performed to understand the weld pool flow patterns of titanium, showing that laser weld pool flow dynamics play a key role during the transition from conduction mode to keyhole [24] . A model is presented by Du et al. [25] for flow simulation of full penetration laser beam welding of titanium alloy, concluding that the molten pool becomes shorter and wider under the conduction regime, as a consequence of the Marangoni effect. More recently, a Finite Element Method (FEM) has been successfully developed to simulate the LBW-CR of Ti6Al4V alloy, employing for the first time a heat source with a double ellipsoid shape [26] . An excellent agreement between these simulations and experimental welding results was found, allowing the use of the refined FEM model to predict phase transformations, distortion and stresses of LBW of industrial titanium elements [26] . On the other hand, LBW-CR have been also employed to study the influence of some experimental variables on the welding process, as the superficial pre-treatments, concluding that chemical cleaning pre-treatments led to deeper and stronger welds than those treatments based on coatings [27] . Conduction regime also offers the possibility to perform laser heat treatments at localized zones of pieces, in order to provoke improvements of some properties, such as hardness [28, 29] , corrosion resistance [28] or tribocorrosion behavior [30, 31] .
In this investigation, a metastable β titanium alloy, Ti-5Al-5V-5Mo-3Cr (Ti5553), was used. This alloy was provided by the Boeing Aircraft Company (Chicago, IL, USA). The alloy was in the annealed condition with a typical α/β microstructure. The chemical composition of the material is shown in Table 1 . Autogenous (no filler), butt welding joints of Ti5553 were obtained by LBW-CR. The conduction welds were performed using a High-Power Diode Laser (HPDL) of LABCYP, UCA (Research Group of Corrosion and Protection of University of Cádiz, Spain), model DL028S, with 2.8 KW of maximum power acquired to ROFIN-SINAR (Plymouth, Mi, USA), shown in Figure 2 . Joints were performed with treatments consisted of a linear laser scan of 35 mm, performed at a laser power of 2.75 kW and a welding speed of 5 mm/s, placing the surface of the samples at the focal distance (42 mm from the laser head). The spatial distribution of the laser beam source at the focal distance is included in Figure 3 . The size of the spot of this laser source in this condition is 1.79 mm 2 (1.19 mm in X axe × 1.50 mm in Y axe). A laboratory-made conditioning chamber, shown in Figure 4 , was employed to shield the welds, allowing the application of a continuous flow of argon of 10 L/min. The laser fluence (F) of these treatments was 46.21 kJ/cm 2 , F being estimated as Equation (1):
where F is the accumulated fluence (laser energy per area) of the laser treatment (46.21 kJ/cm 2 ), P is the Laser Power (2.75 kW), v is the processing rate (5 mm/s), and D is the spot width (1.19 mm, X axe). Autogenous (no filler), butt welding joints of Ti5553 were obtained by LBW-CR. The conduction welds were performed using a High-Power Diode Laser (HPDL) of LABCYP, UCA (Research Group of Corrosion and Protection of University of Cádiz, Spain), model DL028S, with 2.8 KW of maximum power acquired to ROFIN-SINAR (Plymouth, Mi, USA), shown in Figure 2 . Joints were performed with treatments consisted of a linear laser scan of 35 mm, performed at a laser power of 2.75 kW and a welding speed of 5 mm/s, placing the surface of the samples at the focal distance (42 mm from the laser head). The spatial distribution of the laser beam source at the focal distance is included in Figure  3 . The size of the spot of this laser source in this condition is 1.79 mm 2 (1.19 mm in X axe × 1.50 mm in Y axe). A laboratory-made conditioning chamber, shown in Figure 4 , was employed to shield the welds, allowing the application of a continuous flow of argon of 10 L/min. The laser fluence (F) of these treatments was 46.21 kJ/cm 2 , F being estimated as Equation (1):
where F is the accumulated fluence (laser energy per area) of the laser treatment (46.21 kJ/cm 2 ), P is the Laser Power (2.75 kW), v is the processing rate (5 mm/s), and D is the spot width (1.19 mm, X axe). Figure 2 . Joints were performed with treatments consisted of a linear laser scan of 35 mm, performed at a laser power of 2.75 kW and a welding speed of 5 mm/s, placing the surface of the samples at the focal distance (42 mm from the laser head). The spatial distribution of the laser beam source at the focal distance is included in Figure  3 . The size of the spot of this laser source in this condition is 1.79 mm 2 (1.19 mm in X axe × 1.50 mm in Y axe). A laboratory-made conditioning chamber, shown in Figure 4 , was employed to shield the welds, allowing the application of a continuous flow of argon of 10 L/min. The laser fluence (F) of these treatments was 46.21 kJ/cm 2 , F being estimated as Equation (1):
where F is the accumulated fluence (laser energy per area) of the laser treatment (46.21 kJ/cm 2 ), P is the Laser Power (2.75 kW), v is the processing rate (5 mm/s), and D is the spot width (1.19 mm, X axe). The sizes of samples were 50 × 50 × 1.6 mm 3 as shown in Figure 5 . Before welding, the samples were cleaned according to ASTM B 600-91 standard. The welding direction was perpendicular to rolling direction. Metallographic samples for grain structure investigation and for hardness tests were prepared from the welded sheets (as shown in Figure 3 ). The metallographic preparation steps consisted of grinding from 120 to 2400 grit SiC paper, polishing to 0.3 µm colloidal alumina, followed by final polishing with 0.05 µm colloidal silica suspension. The samples were etched with Kroll's reagent with a composition of 100 mL water + 2 mL HF + 5 mL HNO3. An optical microscope was used to characterize the microstructure of the welds.
Microhardness tests were carried out on the metallographically-prepared samples using a load of 300 g (HV300g) to produce the hardness profiles. Dog-bone flat samples (with a constant thickness of 1.6 mm) were taken from the welded sheets for tensile testing, as shown in Figure 5a , in accordance with ASTM E 8M-04, with the weld located perpendicular to the tensile axis. The tensile tests were conducted at room temperature, fixing a deformation speed of 0.005 mm/min at the elastic deformation regime, and 1.6 mm/min at the plastic deformation regime. Finally, the fractured surfaces of tensile samples were cleaned with an ultrasonic cleaner, and subsequently examined using a Scanning Electron Microscope (SEM) at different magnifications. The authors would like to clarify that welds were only made on 1.6 mm thick material. Future work needs to be performed to analyze the influence of the different material thickness and size on the developed microstructure and the laser fluence required to weld Ti5553 samples. This is a very important issue in LBW-CR, as the heat conduction can change when scaling the size of the welding samples. The sizes of samples were 50 × 50 × 1.6 mm 3 as shown in Figure 5 . Before welding, the samples were cleaned according to ASTM B 600-91 standard. The welding direction was perpendicular to rolling direction. Metallographic samples for grain structure investigation and for hardness tests were prepared from the welded sheets (as shown in Figure 3 ). The metallographic preparation steps consisted of grinding from 120 to 2400 grit SiC paper, polishing to 0.3 µm colloidal alumina, followed by final polishing with 0.05 µm colloidal silica suspension. The samples were etched with Kroll's reagent with a composition of 100 mL water + 2 mL HF + 5 mL HNO 3 . An optical microscope was used to characterize the microstructure of the welds.
Microhardness tests were carried out on the metallographically-prepared samples using a load of 300 g (HV300g) to produce the hardness profiles. Dog-bone flat samples (with a constant thickness of 1.6 mm) were taken from the welded sheets for tensile testing, as shown in Figure 5a , in accordance with ASTM E 8M-04, with the weld located perpendicular to the tensile axis. The tensile tests were conducted at room temperature, fixing a deformation speed of 0.005 mm/min at the elastic deformation regime, and 1.6 mm/min at the plastic deformation regime. Finally, the fractured surfaces of tensile samples were cleaned with an ultrasonic cleaner, and subsequently examined using a Scanning Electron Microscope (SEM) at different magnifications. The sizes of samples were 50 × 50 × 1.6 mm 3 as shown in Figure 5 . Before welding, the samples were cleaned according to ASTM B 600-91 standard. The welding direction was perpendicular to rolling direction. Metallographic samples for grain structure investigation and for hardness tests were prepared from the welded sheets (as shown in Figure 3 ). The metallographic preparation steps consisted of grinding from 120 to 2400 grit SiC paper, polishing to 0.3 µm colloidal alumina, followed by final polishing with 0.05 µm colloidal silica suspension. The samples were etched with Kroll's reagent with a composition of 100 mL water + 2 mL HF + 5 mL HNO3. An optical microscope was used to characterize the microstructure of the welds.
Microhardness tests were carried out on the metallographically-prepared samples using a load of 300 g (HV300g) to produce the hardness profiles. Dog-bone flat samples (with a constant thickness of 1.6 mm) were taken from the welded sheets for tensile testing, as shown in Figure 5a , in accordance with ASTM E 8M-04, with the weld located perpendicular to the tensile axis. The tensile tests were conducted at room temperature, fixing a deformation speed of 0.005 mm/min at the elastic deformation regime, and 1.6 mm/min at the plastic deformation regime. Finally, the fractured surfaces of tensile samples were cleaned with an ultrasonic cleaner, and subsequently examined using a Scanning Electron Microscope (SEM) at different magnifications. The authors would like to clarify that welds were only made on 1.6 mm thick material. Future work needs to be performed to analyze the influence of the different material thickness and size on the developed microstructure and the laser fluence required to weld Ti5553 samples. This is a very important issue in LBW-CR, as the heat conduction can change when scaling the size of the welding samples. The authors would like to clarify that welds were only made on 1.6 mm thick material. Future work needs to be performed to analyze the influence of the different material thickness and size on the developed microstructure and the laser fluence required to weld Ti5553 samples. This is a very important issue in LBW-CR, as the heat conduction can change when scaling the size of the welding samples.
Results and Discussion
Macrographic images of front and back views of Ti5553-Ti5553 butt weld performed with LBW-CR are shown in Figure 6a ,b, respectively. The absence of colored tones confirms the appropriate protection provided by the conditioning shielding system. In general, LBW allows the minimization of thermal distortion. Note that the welds seem to present an apparent deformation, related to the relative disorientation of the mechanical machining lines of samples generated before welding. In fact, the obtained welds were flat, not showing evidences of thermal distortion.
Macrographic images of front and back views of Ti5553-Ti5553 butt weld performed with LBW-CR are shown in Figure 6a ,b, respectively. The absence of colored tones confirms the appropriate protection provided by the conditioning shielding system. In general, LBW allows the minimization of thermal distortion. Note that the welds seem to present an apparent deformation, related to the relative disorientation of the mechanical machining lines of samples generated before welding. In fact, the obtained welds were flat, not showing evidences of thermal distortion. 
Microstructure and Shape of Welds
For reference purposes, metallographic images of Ti5553 base metal (BM) are given in Figure 7a at 50× and Figure 5b at 1000×, showing α/β microstructure in which α particles with an average size of less than 5 µm are distributed within the β matrix. Cross-sections of Ti5553-Ti5553 LBW-CR butt welds were studied in detail, allowing the identification of the different zones of the weld (FZ, HAZ and BM), the analysis of the FZ morphology (shape) and the measurements of grain size at HAZ. Some metallographic images at low magnification (50×) of the welds are reported in Figure 8 . The welds presented semicircle shape with relatively low depth/width ratio, allowing one to confirm that joints were performed under conduction regime. The shape of this LBW-CR weld can be compared with other Ti5553-Ti5553 butt welds previously obtained in the literature [31] . Thus, GTAW welds of this alloy presented V-shaped FZ, being also conduction-dominated. In contrast, the FZ for EBW and LBW performed with Nd:YAG are reported to provide hour glass-shaped welds, a morphology directly related in the literature with the keyhole regime. Table 2 summarizes the width and depth of the FZ and HAZ of the LBW-CR welds obtained. For comparison purposes, the results obtained in recent research for Ti5553-Ti5553 butt welds performed with other technologies (GTAW, EBW and LBW-KR with Nd:YAG) [32] are also reported in the table. The widths of the FZ and the HAZ of the GTAW and LBW-CR welds were much wider compared with those of EBW and LBW-KR. The FZ generated by GTAW and LBW-CR were 5.4 and 4.9 mm, compared with 2.6 and 1.7 mm made by LBW-KR and EBW, respectively. The HAZ of the GTAW and LBW-CR samples reached up to 3 and 1.3 mm, respectively, being 0.8 mm for both LBW-KR and EBW samples. The narrower weld zones in EBW and LBW-KR samples compared with the LBW-CR and GTAW samples are associated with the higher heat source localization (smaller beam size at the focus position) of the former technologies. The microstructural characteristics of the LBW- 
For reference purposes, metallographic images of Ti5553 base metal (BM) are given in Figure 7a at 50× and Figure 5b at 1000×, showing α/β microstructure in which α particles with an average size of less than 5 µm are distributed within the β matrix. Cross-sections of Ti5553-Ti5553 LBW-CR butt welds were studied in detail, allowing the identification of the different zones of the weld (FZ, HAZ and BM), the analysis of the FZ morphology (shape) and the measurements of grain size at HAZ. Some metallographic images at low magnification (50×) of the welds are reported in Figure 8 . The welds presented semicircle shape with relatively low depth/width ratio, allowing one to confirm that joints were performed under conduction regime. The shape of this LBW-CR weld can be compared with other Ti5553-Ti5553 butt welds previously obtained in the literature [31] . Thus, GTAW welds of this alloy presented V-shaped FZ, being also conduction-dominated. In contrast, the FZ for EBW and LBW performed with Nd:YAG are reported to provide hour glass-shaped welds, a morphology directly related in the literature with the keyhole regime. Table 2 summarizes the width and depth of the FZ and HAZ of the LBW-CR welds obtained. For comparison purposes, the results obtained in recent research for Ti5553-Ti5553 butt welds performed with other technologies (GTAW, EBW and LBW-KR with Nd:YAG) [32] are also reported in the table. The widths of the FZ and the HAZ of the GTAW and LBW-CR welds were much wider compared with those of EBW and LBW-KR. The FZ generated by GTAW and LBW-CR were 5.4 and 4.9 mm, compared with 2.6 and 1.7 mm made by LBW-KR and EBW, respectively. The HAZ of the GTAW and LBW-CR samples reached up to 3 and 1.3 mm, respectively, being 0.8 mm for both LBW-KR and EBW samples. The narrower weld zones in EBW and LBW-KR samples compared with the LBW-CR and GTAW samples are associated with the higher heat source localization (smaller beam size at the focus position) of the former technologies. The microstructural characteristics of the LBW-CR welds were similar to those previously reported for other welding methods [32] : FZ with a columnar-dendritic-typed grain morphology, HAZ decorated with retained equiaxed β grains (with larger grains at the fusion boundary and smaller grains towards BM) and epitaxial grain growth from the HAZ into the FZ. CR welds were similar to those previously reported for other welding methods [32] : FZ with a columnar-dendritic-typed grain morphology, HAZ decorated with retained equiaxed β grains (with larger grains at the fusion boundary and smaller grains towards BM) and epitaxial grain growth from the HAZ into the FZ. Table 2 also includes the averaged grain size of the welds zones. The grain sizes in the FZ for all welds were a few hundred microns. In the HAZ, large grains were observed at the near HAZ (along the fusion boundary) of up to 200 µm in the EBW and LBW-Nd:YAG samples, and up to 600 µm and 350 µm for GTAW and LBW-HPDL samples, respectively. The grains became gradually smaller towards the BM. The larger grain sizes in the near HAZ are associated with intermediate peak temperature during welding that facilitates grain growth. Therefore, taking into account the width and grain size of the welds, it can be stated that LBW-CR is a compensated and interesting welding technology, as it employs an energy density intermediate between arc welding, such as GTAW (high heat input and low power density) and EBW/LBW-KR (relatively low heat input and high power density). CR welds were similar to those previously reported for other welding methods [32] : FZ with a columnar-dendritic-typed grain morphology, HAZ decorated with retained equiaxed β grains (with larger grains at the fusion boundary and smaller grains towards BM) and epitaxial grain growth from the HAZ into the FZ. Table 2 also includes the averaged grain size of the welds zones. The grain sizes in the FZ for all welds were a few hundred microns. In the HAZ, large grains were observed at the near HAZ (along the fusion boundary) of up to 200 µm in the EBW and LBW-Nd:YAG samples, and up to 600 µm and 350 µm for GTAW and LBW-HPDL samples, respectively. The grains became gradually smaller towards the BM. The larger grain sizes in the near HAZ are associated with intermediate peak temperature during welding that facilitates grain growth. Therefore, taking into account the width and grain size of the welds, it can be stated that LBW-CR is a compensated and interesting welding technology, as it employs an energy density intermediate between arc welding, such as GTAW (high heat input and low power density) and EBW/LBW-KR (relatively low heat input and high power density). Table 2 also includes the averaged grain size of the welds zones. The grain sizes in the FZ for all welds were a few hundred microns. In the HAZ, large grains were observed at the near HAZ (along the fusion boundary) of up to 200 µm in the EBW and LBW-Nd:YAG samples, and up to 600 µm and 350 µm for GTAW and LBW-HPDL samples, respectively. The grains became gradually smaller towards the BM. The larger grain sizes in the near HAZ are associated with intermediate peak temperature during welding that facilitates grain growth. Therefore, taking into account the width and grain size of the welds, it can be stated that LBW-CR is a compensated and interesting welding technology, as it employs an energy density intermediate between arc welding, such as GTAW (high heat input and low power density) and EBW/LBW-KR (relatively low heat input and high power density). Table 2 . Width of fusion and heat-affected zone (FZ and HAZ) and grain size of HAZ of the different welds.
Conditions

Width of FZ (mm) Width of HAZ (mm) Grain Size of HAZ (µm)
LBW-CR (HPDL) 4.9 1.3 350 GTAW [32] 5.4 3.0 600 LBW-KR (Nd:YAG) [32] 2.6 0.8 200 EBW [32] 1.7 0.8 200
Microhardness
Hardness profile of the Ti5553-Ti5553 LBW-CR butt weld is shown in Figure 9 . The hardness values (HV) follow a similar tendency than those previously obtained with other welding methods [32] , i.e., 290-320 HV in the FZ, 300-360 HV in the HAZ and 370-390 HV for BM. The weld zones (FZ and HAZ) had lower hardness values compared with that of the base metal. In metastable β titanium alloys, the hardness of the FZ is usually lower than that of the BM, as the formation of the strengthening precipitates is suppressed because of the overwhelming amount of β stabilizing elements leading to a [Mo] eq around 12. According to Bania [33] , α' (alpha prime) or martensite precipitates will not form if the [Mo] eq is greater than 10. The dissolution of the α phase in the heat-affected zone and the presence of entirely metastable/retained β phase in the fusion zone seem to be responsible for the significant hardness decrease in the HAZ and FZ [34] . It is interesting to note that the decrease of hardness in the FZ of LBW-CR is slightly lower than that in the FZ of welds performed with other technologies [32] . Thus, the minimum hardness value obtained in the FZ of LBW-CR weld was 310 HV, while the minimum values measured for LBW, EBW and GTAW were always below 300 HV. These results suggest that LBW-CR methodology can partially limit the dissolution of α phase in the FZ, keeping a slightly higher concentration of strengthening precipitates in the weld.
It is noteworthy that the hardness profiles of metastable β titanium alloys are different than those of α or α/β alloys. Hardness values of α or α/β alloys in the weld zones are generally comparable or higher than that of the BM, due to the formation of martensite (α' microstructure) [10, 28, 35] . 
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It is noteworthy that the hardness profiles of metastable β titanium alloys are different than those of α or α/β alloys. Hardness values of α or α/β alloys in the weld zones are generally comparable or higher than that of the BM, due to the formation of martensite (α' microstructure) [10, 28, 35] . Table 3 summarizes the results obtained from tensile testing of LBW-CR Ti5553-Ti5553 butt weld. It also includes the data reported in previous researches [32, 36, 37] for the base metal (BM), GTAW, EBW and LBW-Nd:YAG welds. Note that in [36] , very low ductility (strain to rupture) values were obtained in EBW welds in comparison to [37] . The results published in [36] report the first trials to perform the EBW weld and therefore the experimental parameters were not optimised. Those results published in [37] were performed/tested with better measurement capability. All welds present a significant reduction in strengths and elongation values in comparison with the BM. The elongation of EBW and LBW-Nd:YAG welds were relatively comparable to that of the unwelded samples, while LBW-HPDL and GTAW welds presented lower ductility. Concerning the strength, it Table 3 summarizes the results obtained from tensile testing of LBW-CR Ti5553-Ti5553 butt weld. It also includes the data reported in previous researches [32, 36, 37] for the base metal (BM), GTAW, EBW and LBW-Nd:YAG welds. Note that in [36] , very low ductility (strain to rupture) values were obtained in EBW welds in comparison to [37] . The results published in [36] report the first trials to perform the EBW weld and therefore the experimental parameters were not optimised. Those results published in [37] were performed/tested with better measurement capability. All welds present a significant reduction in strengths and elongation values in comparison with the BM. The elongation of EBW and LBW-Nd:YAG welds were relatively comparable to that of the unwelded samples, while LBW-HPDL and GTAW welds presented lower ductility. Concerning the strength, it is interesting to highlight that the highest Ultimate Tensile Strength (UTS) values were found in LBW-HPDL welds (78% of the BM), followed by LBW-Nd:YAG (72% of the BM), EBW (65% of the BM) and GTAW (56% of the BM). In general terms, tensile properties of all these welds are in good agreement with the results previously reported by Shariff et al. [34] , in which Ti5553 welds show a maximum joint efficiency of around 75% and a variable reduction of ductility.
Tensile Test and Fracture Surface Analysis
The slightly higher UTS value obtained in the present work for LBW-CR with HPDL is thought to be due to the higher hardness of the FZ and to the lower porosity generated in the melting pool within conduction welding. In fact, conduction modes are widely claimed to provide less porous joints than keyhole as a consequence of the lower evaporation [16] [17] [18] [19] [20] [21] . However, unexpected low elongation values were obtained in LBW-CR. One would expect larger ductility in LBW-CR than in LBW-KR, which provided the lower porosity and larger grains at FZ obtained in LBW-CR. The reason for this behavior is not clear for the authors, although the higher concentration of strengthening precipitates in the LBW-CR or/and the possible lower weld depth of the LBW-CR weld can be possible explanations of these low ductility results. Further investigation needs to be performed to solve this issue.
Fracture surfaces from the tensile test of LBW-CR samples are given in Figure 10 . is interesting to highlight that the highest Ultimate Tensile Strength (UTS) values were found in LBW-HPDL welds (78% of the BM), followed by LBW-Nd:YAG (72% of the BM), EBW (65% of the BM) and GTAW (56% of the BM). In general terms, tensile properties of all these welds are in good agreement with the results previously reported by Shariff et al. [34] , in which Ti5553 welds show a maximum joint efficiency of around 75% and a variable reduction of ductility. The slightly higher UTS value obtained in the present work for LBW-CR with HPDL is thought to be due to the higher hardness of the FZ and to the lower porosity generated in the melting pool within conduction welding. In fact, conduction modes are widely claimed to provide less porous joints than keyhole as a consequence of the lower evaporation [16] [17] [18] [19] [20] [21] . However, unexpected low elongation values were obtained in LBW-CR. One would expect larger ductility in LBW-CR than in LBW-KR, which provided the lower porosity and larger grains at FZ obtained in LBW-CR. The reason for this behavior is not clear for the authors, although the higher concentration of strengthening precipitates in the LBW-CR or/and the possible lower weld depth of the LBW-CR weld can be possible explanations of these low ductility results. Further investigation needs to be performed to solve this issue.
Fracture surfaces from the tensile test of LBW-CR samples are given in Figure 10 . [36] 1028 1053 12 EBW [36] N/A 778 0.83 EBW [37] 680 680 11 LBW-KR with Nd:YAG [32] N/A 757 9 GTAW [32] N/A 591 N/A
Conclusions
Ti5553 butt welds have been obtained for the first time by means of Laser Beam Welding under Conduction Regime (LBW-CR) with a High-Power Diode Laser (HPDL). The microstructure, microhardness and strength of obtained welds have been analyzed. The welds presented a characteristic semicircle shape with relatively low depth/width ratio, a key feature of conductionlimited welding. The microstructure of LBW-CR welds was seen to be similar to those previously reported in the literature for other welding methods. Thus, the FZ presented a columnar-dendritictyped grain morphology; the HAZ is decorated with retained equiaxed β grains (with larger grains at the fusion boundary and smaller grains towards BM); and an epitaxial grain growth is observed from the HAZ into the FZ. Interestingly, the width and grain size values of the LBW-CR welds were intermediate between the results previously obtained for GTAW and EBW. In addition, the FZ of LBW-CR presented slightly higher values of microhardness than those reported for other technologies. From the tensile tests, it is shown that the Ultimate Tensile Strength (UTS) of the welded specimens is around 78% of the BM, but still, it is slightly higher than the UTS values obtained with other joining processes, probably due to higher hardness of the FZ and to the lower porosity of the LBW-CR weld. Therefore, conduction welding offers an interesting joining mode for difficult-to-weld materials, such as metastable β titanium alloys.
